animals are exposed to high ambient temperatures, their peripheral blood flow is increased to dissipate internal body heat, thereby resulting in a significant reduction in the blood flow to the small intestine. 3 the intestinal epithelial cells are particularly vulnerable to such a reduction in mesenteric blood flow because of the countercurrent arrangement of capillaries and venules in the intestinal villi. 4 During this reduction in blood flow, the epithelial tissue of the small intestine can experience ischemic and hypoxic conditions, resulting in tissue damage, which can in turn lead to diarrhea and an increased risk of morbidity and mortality. [5] [6] [7] although there is substantial literature on the effects of heat stress on the small intestine of various animals, the molecular mechanisms underlying its pathophysiology remain to be defined. Heat stress has been shown to result in a complex cellular response, including alterations in gene expression and biochemical adaptations. 8 it is now widely accepted that changes in gene expression are an integral part of the cellular response to stress. 9 one of the central goals of modern molecular biology is the high-throughput identification of genes associated with a particular treatment or a biological process of interest. 10 High-throughput cDna microarray techniques enable researchers to monitor and measure the expression levels of thousands of genes simultaneously and to understand the complexities of living organisms.
to better characterize the effects of heat stress on rat small intestine, in this study we performed cDna arrays to monitor gene expression spectrometry and further analyzed these data using hierarchical clustering, gene ontology (Go) analysis, and pathway analysis. because this study systematically and quantitatively explored the effects of heat stress on genome-wide gene expression, it provides useful information on how this type of stress regulates or disrupts the gene expression network. in summary, these data are valuable for characterizing the process mechanism and for guiding future experimentation.
MAtErIALS And MEtHodS

Experimental animals
forty-eight male sprague-Dawley rats (weight, mean ± standard deviation [sD] , 200 ± 20 g) were purchased from Vital river laboratory animal technology co., ltd. (beijing, china). rats were maintained on a standard lab chow and given access to water and feed ad libitum. after purchase, rats were housed in a separate, air-conditioned room maintained at a constant temperature (25 °c) and relative humidity (rH; 60%) and with automatic lighting (alternating 12-h periods of light and dark); rats were acclimated to the facility in these conditions for 1 week prior to experimentation.
Experimental procedure
at the beginning of the experiment (after 1 week), the rats were randomly divided into two groups: the control group (n = 24) and the heat-stressed group (n = 24). six rats (of the same group) were housed in each plastic cage (400 × 300 × 180 mm) with a layer of soft woodchips. We implemented a heat stress procedure that was previously described by Yu et al. 13 briefly, rats from both groups were regularly maintained in a 25 °c, 60% rH environment, although rats in the heat-stressed group were instead exposed to 40 °c and 60% rH for 2 h daily for 10 successive days during the experiment. six rats from each group were sacrificed 1, 3, 6, and 10 days after the heat treatment was started. sections of small intestine epithelial tissue were excised from the rats immediately after sacrifice for morphological examination and microarray analyses.
Measurement parameters
change in body temperature is used as an important criterion for measuring stress reaction in mammals. therefore, we recorded both the rectal and body surface temperatures of the rats to examine the specific temperature changes that occurred because of heat stress. We used a thermistor probe connected to a digital thermometer to measure rectal temperatures. the probe was inserted 4 cm into the rectum of each rat and was kept stationary for 1 min to record the temperature. for the heat-stressed group, rectal temperature was recorded both before and after heat exposure; body surface temperature was also recorded daily before and after heat exposure using both infrared and contact thermometers (fluke 561; fluke, st. louis, mo). We measured the body weight of each rat each day during the feeding period and recorded rat weights before and after heat exposure.
blood samples were collected from rats on the 1st, 3rd, 6th, and 10th days of heat stress and were stored at 37 °c for 60 min prior to being centrifuged at 3000 g for 10 min at 4 °c. blood serum samples were collected and stored at -80 °c until they were analyzed. at the end of the experimental period, the animals were anesthetized and sacrificed. after sacrifice, rat intestines were removed, immediately irrigated with physiological saline to remove all intestinal contents, and sectioned. fresh samples, including the duodenum (15 mm from the pylorus), the distal jejunum-ileum (half of the remaining small intestine up to the cecum), and the ileum (20 mm proximal to the cecum), were obtained immediately from the resected specimens. each intestinal section was divided into three pieces: one fixed in 10% buffered formalin phosphate for histological analysis, one immediately snap frozen in separate vials using liquid nitrogen for cDna microarray analysis, and one stored at -80 °c for standby application. all experimental protocols were approved by the committee for the care and use of experimental animals of the beijing university of agriculture.
Morphological analysis and serum cortisol analysis
intestinal samples from each group were collected, washed with saline solution, fixed in 10% buffered formalin phosphate, dehydrated using graded concentration solutions of ethanol (70%, 80%, 90%, and 100%), cleared in xylol, and embedded in histologic paraffin. tissue sections of 3-µm thickness were obtained using a leica rm 2145 microtome (leica microsystems, Wetzlar, Germany) with a steel knife. the histologic sections were stained with hematoxylin and eosin to evaluate the villi height and crypt depth. specifically, we measured the heights of 90 villi and the depths of 90 crypts within each small intestine of each rat with an optical micrometer at ×200 magnification. the intestinal microstructures were observed using a bH2 olympus microscope (olympus, tokyo, Japan) and analyzed using image-pro plus 5.1 software (media cybernetics, silver springs, mD). serum cortisol concentration was determined using an i 125 cortisol radioimmunoassay kit, in accordance with the manufacturer's instructions (beijing chemclin biotech co., ltd., beijing, china).
DNA microarray
all steps from rna amplification to the final scanner output were conducted according to the protocols in our previous study.
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Microarray data analysis microarray data were normalized using algorithms supplied with the feature extraction software. after data normalization, a final quality control filter was applied, whereby genes expressing excessive biological variability were discarded. bioinformatics analyses, including hierarchical clustering, Go terms (molecular function, biological processes, cellular components), and KeGG pathway analysis, were conducted using the sas software program (http://sas. ebioservice.com/), FIG. 1. body surface temperatures of (A) control rats and (B) heat-stressed rats. body surface temperature was significantly increased after heat treatment (40 °c for 2 h). Values represent the mean ± sD for each group (n = 6). asterisks (*) indicate a significant difference (p < 0.05) in the temperatures of control rats and heat-stressed rats.
which is based on both the Go database (http://www.geneontology .org/) and the KeGG database (http://www.genome.jp/kegg/ pathway.html).
all results are presented as the mean ± sD of six rats per group. the differences between each group were analyzed by one-way analysis of variance (anoVa) using spss 16.0 (spss, inc., an ibm company, chicago, illinois). a p-value of <0.05 was considered significant.
rESuLtS
Assessment of stress due to heat exposure
as shown in Figure 1 , the body surface temperatures of the heat-stressed rats were significantly increased (p < 0.05) compared with the temperatures of the control rats. similarly, the rectal temperatures of the heat-stressed rats were also significantly increased (p < 0.05; Supplementary Fig. S1 ). furthermore, the serum cortisol levels of the heat-stressed rats were significantly increased (p < 0.05) compared with the levels of control rats on days 1, 3, and 6 but not on the 10th day, likely due to the adaption of heat-stressed rats during the course of the study (Supplementary Fig. S2 ). these significant increases in both the body temperature and cortisol level of the heat-stressed rats indicate that the heat stress model we used was successful.
Changes in body weight
in general, rats exposed to heat stress exhibited some change in body weight compared to that exhibited by control rats, but this difference was not significant. furthermore, we found that the body weight loss in heat-stressed rats occurred both pre-and post-heat stress, particularly on the third day ( Supplementary  Fig. S3 ).
Histological changes in the small intestine following heat stress
Heat stress caused marked damage to the small intestines of rats, especially in the jejunum after 3 days of treatment. specifically, the mucosal epithelium was desquamated at the tips of the intestinal villi, and the lamina propria was exposed ( Fig. 2A) . in addition, both the villi height and crypt depth were shorter in the heat-stressed rats than in the control rats 
Microarray data and bioinformatics analysis
Principle component analysis (PCA) and correlation analysis. the sas system online analysis showed that both pca and a pairwise correlation analysis of the treatment groups confirmed the greater similarity in gene expression profiles among samples within the same group than between the two groups. in particular, we observed a strong correlation between the within-group samples (R > 0.99).
Changes in small intestinal gene expression profile.
We assessed the overall gene expression profiles in the small intestines of rats by cDna microarray analysis. as shown in Figure 3 , among the 41 089 probe sets in the rat 4 × 44 000 microarray, a total of 422 genes underwent a greater than twofold (p < 0.01) change in their expression levels in the small intestines of heat-exposed rats compared with the levels in the control intestines. of these 422 genes, 290 genes were upregulated (log 2 ratio > 1, p < 0.01), including 212 genes with functional annotation and 78 genes without functional annotation, whereas 132 genes were downregulated (log 2 ratio < 1, p < 0.01), including 80 genes with functional annotation and 52 genes without functional annotation. the differently expressed genes with functional annotation were included in follow-up Go and pathway analysis. some of the significant genes are listed in table 1.
Cluster analysis for differently expressed genes. cluster analysis and the resultant heat map allowed us to visualize the differential gene expression in the untreated and heat-stressed rat groups. Figure 4 shows the expression level of genes in the samples from the different conditions, based on the sas online program.
GO category analysis for differentially expressed genes. to further characterize the types of genes altered in response to heat stress, the differentially expressed genes were classified into different functional categories according to the Go project for biological process. We found that the main Go categories for the upregulated genes were response to stress, rhythmic process, transcription factor activity, negative regulation of growth, oxidoreductase activity, oxidation reduction, demethylase activity, regulation of immune system process, and others (Fig. 5A) . However, the primary Go categories for the downregulated genes were leukocyte migration, temperature homeostasis, bacterial binding, response to biotic stimulus, response to external stimulus, cytokine production, regulation of homeostatic process, immune response, and others (Fig. 5B) . the differentially expressed genes (fold-change >3, p < 0.01) involved in the significant Go categories are summarized in table 1.
Pathway analysis for differentially expressed genes
to define the biological pathways associated with heat stress in the rat jejunum, we conducted an analysis of the obtained microarray data using sas software, which was based on the KeGG database. We determined that the differentially expressed genes in the heat-stressed group were involved in many pathways, including antigen processing and presentation; retinol metabolism; peroxisome proliferatoractivated receptor signaling pathway; fatty acid metabolism; cytokine-cytokine receptor interaction; drug metabolismcytochrome p450; mitogen-activated protein kinase signaling pathway; glycine, serine, and threonine metabolism; circadian rhythm-mammal; p53 signaling pathway; vascular endo-thelial growth factor signaling pathway; cell adhesion molecules; terpenoid biosynthesis; and chemokine signaling pathway (Fig. 6) . these differentially expressed genes are detailed in table 2.
dIScuSSIon
Heat stress induces physiological changes in rats
it is established that elevated ambient temperatures induce a series of physiological changes in biological organisms. When the physiological function of an animal fails to negate an excessive heat load, the body temperature of the animal increases. 14 in rats, the ambient temperature threshold for evaporative water loss was previously determined to be in the range of 32 to 36 °c. 15 Glucocorticoids are vital for maintaining basal and stress-related homeostasis in mammals and also play a critical role in turning off the stress signal. 16 in the present study, we found that the rectal temperature of rats increased to ~40 °c after exposure to that temperature for 2 h (Supplementary Fig. S1 ). furthermore, their body weight loss evidently occurred after heat exposure,
FIG. 4.
Heat map showing the differentially expressed genes in the control and heat-stressed rat groups. each group consisted of three samples. Gene expression profiles are shown in rows. red text indicates those genes more highly expressed in the heat-stressed rats than in the control rats, whereas green text indicates the opposite.
FIG. 5.
Gene ontology (Go) category based on biological process for differentially expressed genes. the significant Go categories for (A) upregulated genes and (B) downregulated genes. the vertical axis represents the Go category and the horizontal axis represents the -log p value of Go. a p-value lower than 0.05 was used as the threshold for selecting the significant Go categories. log p value is the logarithm of the p-value.
FIG. 6.
KeGG pathway analysis for differentially expressed genes. the vertical and horizontal axes represent the pathway list and the -log p value of the pathway, respectively. a p-value lower than 0.05 was used as the threshold for selecting the significant KeGG pathways. log p value is the logarithm of the p-value to the base 10. ppar, peroxisome proliferator-activated receptor; mapK, mitogen-activated protein kinase; VeGf, vascular endothelial growth factor; cam, cell adhesion molecule. especially on the third day, when it changed from approximately 15 g to 20 g (Supplementary Fig. S3 ). in addition, the serum cortisol levels of the heat-stressed rats were significantly increased compared to the levels of the control rats (Supplementary Fig. S2) . thus, the elevated body temperature and serum cortisol level, in addition to the evident body weight loss of the rats, were apparent effects of the heat stress model in the present study.
Heat stress causes obvious damage to rat small intestine and alters the gene expression profile the small intestine plays a critical role both in providing a barrier to pathogens and in absorptive function. 17 However, many stressors, such as radiation, pharmacological drugs, lipopolysaccharides, and high temperature, can cause damage to the intestinal epithelium. 18, 19 During heat exposure, the peripheral blood flow of mammals is increased to dissipate the increased internal body heat, which in turn dramatically reduces blood flow to the small intestine.
3 the ischemia and hypoxia experienced by the small intestine during this reduction cause necrosis and shedding of epithelial cells of the intestinal villi. 6 this injury to intestinal epithelial cells may disrupt the intestinal barrier and reduce absorptive function.
2 in the present study, we found obvious damage in rat small intestine after heat exposure, and this damage was most severe in the jejunum within 3 days of initiation of treatment (40 ºc and rH 60% for 2 h), which agreed with our previous studies. 6, 7, 13 furthermore, the expression of micrornas in rat small intestine was negatively correlated with their predicted gene targets during heat stress. 12 Heat stress triggers complex tissue and cellular responses, including not only physiological and biochemical compensation but also altered gene expression. 20 ,21 the present study sought to identify potential genes that are involved in heat stress-induced injury in rat small intestine. thus, we performed gene expression profiling of rat small intestine after heat treatment using rat genome microarrays. subsequent bioinformatics analyses indicated that the differentially expressed genes that underwent significant change in rat small intestine after heat treatment were mainly related to stress response, metabolic-related processes, and immune function.
Heat stress and metabolism
the small intestine is the major site for digestion and absorption of nutrients, with most absorption occurring in the duodenum and jejunum. in addition, intestinal villi covered with epithelial cells, which are lined with microvilli, further increase the surface area for absorption. in this study, heat stress led to changes in many metabolic-related pathways that are involved in many important interactions with compounds, such as fatty acids, vitamins, proteins, amino acids, and drugs. a readjustment of metabolic function implies that nutrient/drug consumption increases and/or half-metabolite accumulation occur, ultimately leading to organic burden at a poisonous level. in this study, the stressinduced damage on the intestinal epithelium resulted in absorption and barrier disjunction. thus, it perhaps indicates that metabolic dysfunctions and poisoning usually accompany heat stress.
Heat stress and immune regulation
stress response is one of the most universal reactions among biological organisms but is also a resistant defense process. When exposed to heat stress, heat shock proteins (Hsps) are overexpressed, which subsequently trigger an unfolded protein response to modify the function and destiny of other proteins. 22, 23 in addition, heat stress-induced overexpressed Hsps, which are mediated through cell-surface receptors, can play a role in antigen processing for pathogens. 24 thus, Hsps not only involve cellular stress response but also play powerful extracellular roles in immunity and dual immunoregulation. 25, 26 in the current study, we also found that certain Hsps, including Hsp27 (Hspb1), Hsp70 (Hspa1a, Hspa1l, and Hspa8), Hsp90 (Hspcb), and Hsp110 (Hsph1), were overexpressed after heat stress, which indicates that Hsps possibly have a defense role and participate in antigen processing and presentation processes during heat stress.
the complement system is a proteolytic cascade in blood plasma that acts on the interface of innate and adaptive immunity and is an important component and trigger of many immunoregulatory mechanisms. 27 the main consequences of complement activation are the generation of chemotaxins and anaphylatoxins, the opsonization of pathogens, the recruitment of inflammatory and immunocompetent cells, and the direct killing of pathogens. 28, 29 cytokines represent a diverse group of molecules that collectively exert a wide range of actions and are crucial intercellular regulators and mobilizers of cells engaged in innate and adaptive inflammatory host defenses. in addition, chemokines can coordinate leukocyte recruitment during inflammatory and immune responses. 30 in the present study, both the complement and coagulation system and the chemokine signaling pathway participated in the heat stress process. this indicates that inflammation and immune reactions were involved in the heat stress insult to rats. in summary, we performed a microarray-based expression profiling study of gene expression in rat small intestine in response to heat stress. We found that 422 genes were significantly differentially expressed in rat small intestine after rats were subjected to heat treatment. furthermore, we performed bioinformatics analyses (including hierarchical clustering, Go, and KeGG pathway analysis) of the differentially expressed genes, which revealed that the differentially expressed genes were mainly related to stress, immune regulation, and metabolism processes. by combining histological, molecular, and bioinformatics approaches, we can gain a more comprehensive understanding of the mechanisms involved in heat stress.
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